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New whole-rock major and trace elements, and zircon UePb and HfeNd isotope compositions are
reported for the Karamay dikes, enclaves, and host granites in the West Junggar, NW China. Zircon U
ePb dating of the Karamay pluton yields an age of 300.7  2.3 Ma for the enclave and 300.0  2.6 Ma
for the host granite, which was intruded by dike with an age of 298 Ma. The host granites exhibit
relatively low SiO2 contents and A/CNK and Ga/Al ratios, low initial
87Sr/86Sr ratios (0.703421
e0.703526) and positive εHf(t) (5.5e14.1) and εNd(t) (7.3e8.1) values with a young model age, sug-
gesting that they are I-type granites and were mainly derived from a juvenile lower crustal source. The
enclaves and dikes belong to an andesitic calc-alkaline series and have high MgO concentrations at low
silica content and positive εHf(t) (7.6e13.2, 14.2e14.9) and εNd(t) (6.8e8.3, w6.9) values. They are
enriched in LILEs (Rb, Ba and U) and LREE and depleted in HFSEs (Nb and Ta) with insigniﬁcant
negative Eu anomalies, indicating that the melts were derived from an enriched lithospheric mantle
modiﬁed by subducted oceanic crust-derived melts and minor ﬂuids, followed by fractional crystal-
lization. The Karamay host granites and enclaves are of mixed origin and are most probably formed by
the interaction between the lower crust- and lithospheric mantle-derived magmas, and were intruded
by the unmixed dikes subsequently. The upwelling mantle through a slab window in an island arc
environment might have triggered partial melting of the lithospheric mantle and its subsequent
interaction with the granitic magma, further suggesting that the ridge subduction played an important
role in the crustal growth of West Junggar.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
The Central Asian Orogenic Belt (CAOB) or the Altaids is an
important site of juvenile crustal growth in the Phanerozoic; it
extends from the Siberia craton in the north to the TarimeNorth
China cratons in the south and from the Urals in the west to the
Paciﬁc in the east (Fig. 1a). The most likely and widely accepted
models suggest that the CAOB was built by successive lateral ac-
cretion of arcs, accretionary complexes, and a few continental
blocks (Coleman, 1989; S¸engör et al., 1993; Dobretsov et al., 1995;þ86 10 82326850.
@263.net (D. He).
of Geosciences (Beijing)
sity of Geosciences (Beijing) and PS¸engör and Natal’in, 1996; Gao et al., 1998; Buchan et al., 2002;
Xiao et al., 2003, 2004a,b, 2008; Li, 2004; Li et al., 2006; Windley
et al., 2007; Shi et al., 2010; Rojas-Agramonte et al., 2011; Wain-
wright et al., 2011), accompanied by emplacement of immense
volumes of late Paleozoic and earlyMesozoic granitic magmas (Han
et al., 1997,1998; Chen et al., 2000; Jahn et al., 2000;Wu et al., 2000,
2006; Han et al., 2004; Chen et al., 2006;Windley et al., 2007; Yuan
et al., 2007). These granitic intrusions constitute signiﬁcant parts of
the continental crust, and record crustal growth and associated
processes. Therefore, their age, composition, and petrogenesis are
important for understanding the crustal growth of the CAOB.
West Junggar is a part of CAOB and made up of the Paleozoic
volcanic arcs and accretionary complexes (Windley et al., 2007;
Xiao et al., 2008) with many early Paleozoic ophiolitic frag-
ments having zircon UePb ages of 332e572 Ma (Figs. 1b and 2)eking University. Production and hosting by Elsevier B.V. All rights reserved.
Figure 1. (a) Relationship of the West Junggar terrane with the CAOB (modiﬁed after Jahn et al., 2004; Windley et al., 2007; Han et al., 2010). (b) Simpliﬁed geological map of the
West Junggar terrane and adjacent Junggar basin in northern Xinjiang (modiﬁed after BGMRXUAR, 1993). (c) Geological map of the Karamay area (modiﬁed after Yin et al., 2010),
showing locations of studied dikes, granites, and enclaves.
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et al., 2006; Zhu and Xu, 2006; Zhu et al., 2007; Xu et al.,
2011; Yang et al., 2012a,b). These Paleozoic volcanic rocks were
intruded by numerous late Carboniferous and Permian I- and A-
type granitoid plutons (BGMRXUAR, 1993). The presence of
abundant intermediateebasic enclaves in some granites, and the
intermediateebasic dikes intruded into granites and Carbonif-
erous strata (Yin et al., 2010), indicate that the crustal growth
and/or reworking and interaction between crust and mantle
occurred predominantly during the late Paleozoic. However, the
petrogenesis and geodynamic setting of these granitic intrusions
and the predictions of models associated with the crustal growthin the CAOB are controversial. Two models have been proposed
for the Karamay intrusions in the southern West Junggar. One
model considers that such magmatism was generated in an is-
land arc setting related to oceanic ridge subduction (Liu et al.,
2007; Jian et al., 2008; Geng et al., 2009; Tang et al., 2010; Yin
et al., 2010; Zhang et al., 2011a,b). The other model suggests
that the crustal growth/reworking was related to depleted
mantle contributions in a post-collisional extensional setting
(Chen and Arakawa, 2005; Han et al., 2006, 2010; Su et al., 2006;
Zhou et al., 2008; Chen et al., 2010). The distinctive geodynamic
backgrounds indicate signiﬁcantly different growth patterns of
continental crust.
Figure 2. Distribution of ophiolites and intrusions in West Junggar and their isotopic and microfossil ages. Age data for intrusions are taken from the reports of Han et al. (2006), Su
et al. (2006), Chen et al. (2010), Wei (2010), and Xu et al. (2011).
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important role in crustal growth (Kemp and Hawkesworth, 2003;
Bonin, 2004). Recognition of the sources of different end-member
magmas is the main method for identifying possible magma mix-
ing. However, it is difﬁcult to identify speciﬁc sources of granites
just using the traditional Nd and Sr isotopic composition method,
because both magma mixing and wall-rock assimilation would
modify the composition of granitic magma signiﬁcantly, making
the Nd and Sr isotopic composition variable (Poli et al., 1996;
Barbarin, 2005). In contrast, the zircon LueHf isotope system has
been regarded as a more powerful tool for tracing the history of
crustal growth (Blichert-Toft et al., 1999; Andersen et al., 2002;
Grifﬁn et al., 2002; Condie et al., 2005).
In the Karamay area of West Junggar, numerous granitic in-
trusions with abundant enclaves and associated dikes are well
preserved. These rocks provide an ideal opportunity for examining
the nature of the mantle source, petrogenesis of the granitic in-
trusions, and processes of crustal growth. In this paper, we present
the new results of geochronology, geochemistry, in situ zircon
LueHf data, and whole-rock SreNd isotopic data for the granites,
enclaves, and dikes in the Karamay area, and discuss their petro-
genesis and geodynamic background for revealing the late
Carboniferous crustal growth of the central Asia.
2. Geological setting and petrological characteristics of the
Karamay intrusion
West Junggar is surrounded by the Altai Orogen to the north, the
Tianshan Orogen to the south, the Kazakhstan Plate to thewest, and
the Junggar Basin to the east (Fig. 1a). In general, West Junggar can
be divided into the northern and southern parts. The northernWest
Junggar is characterized by EW-trending faults and fault-bounded
volcanic arcs and mainly involves the Zharma-Saur and
Boshchekul-Chingiz volcanic arcs fromnorth to south. The southern
West Junggar is characterized by NE-trending faults and fault-
bounded accretionary complexes, and consists mainly of Paleozoic
island arc series (Xiao et al., 2008). The presence of several differentophiolitic maﬁceultramaﬁc rocks with ages ranging from 572  9
(Yang et al., 2012a) to 33214Ma (Xu et al., 2006), indicates a long-
lived accretionary history since Cambrian. Unlike limited Ordovi-
cian and Silurian strata in the southernWest Junggar, Carboniferous
volcanicesedimentary strata, including mainly of the Tailegula,
Baogutu, and Xibeikulasi formations, are widespread throughout
the southern West Junggar region, particularly near the Darbut
Fault (Fig. 1b); the Carboniferous strata are dominated by tuff, tuf-
ﬁte, tuffaceous sandstone, siltstone, and chert, and are intercalated
with maﬁc to intermediate lavas. A high abundance of fossils and
trace fossils in the Carboniferous indicate a marine facies environ-
ment (Li and Jin, 1989; Jin and Li, 1999; Guo et al., 2002). The zircon
UePb ages of felsic tuff in the Tailegula and Baogutu formations
range from 328 (Wang and Zhu, 2007) to 357.5Ma (Guo et al., 2010)
and from 328 to 342 Ma (An and Zhu, 2009), respectively. Granitic
intrusions, which occur extensively along the Darbut Fault, had
mostly been completed within a time period of 275e340 Ma (Han
et al., 2006). Numerous undeformed intermediate-basic dikes
mainly strike NW (280e300) and intruded both the early
Carboniferous strata and granitic intrusions (Yin et al., 2010).
The Karamay intrusion (also named as the Xiaerpu intrusion),
located at the east of the Darbut Fault in the central part of theWest
Junggar region, is spread over an area of 310 km2 and intruded into
the lower Carboniferous volcanic-sedimentary rocks (Fig. 2).
Intermediate-basic microgranular enclaves have been observed
locally in the Karamay intrusion and contain K-feldspars similar to
those in the host granite (Fig. 3a), indicating that themaﬁc and felsic
magmas were coeval. The host granite was intruded by the subse-
quent intermediate-basic dikes (Fig. 3b). It mainly consists of mon-
zogranite, which has an equigranular and massive structure, and
comprises plagioclase (w40% with An ¼w30), orthoclase (w10%),
perthite (w20%), quartz (w15%), biotite (w10%) and amphibole
(w10%); accessory phases include zircon, apatite, allanite, and
magnetite. Enclaves occur in the whole Karamay granites (Fig. 3a)
and have either sharp or diffuse boundaries with their host granite.
These enclaves range in diameter from 1 to 70 cm (usually<30 cm),
and usually occur in ellipsoidal to spherical shapes, and,more rarely,
Figure 3. Field photographs showing (a) the host granite with enclaves, and (b) the dikes intruded into the granite. Microphotographs showing (c) K-feldspar, plagioclase, quartz,
and amphibole in the Karamay granite; (d) the boundary between the granite and its enclave (e) plagioclase and amphibole in the enclave; (f) plagioclase and amphibole in the
enclave. Pl ¼ plagioclase, Kf ¼ feldspar, Q ¼ quartz, Am ¼ amphibole.
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phiceallotriomorphic textures and contain mainly plagioclase
(45%), amphibole (w30%), and biotite (w15%), with minor amounts
of orthoclase and quartz (w10%). The matrix is composed of lathy
plagioclase, biotite, amphibole, interstitial or poikilitic quartz, rare
orthoclase, apatite, zircon, ilmenite, and rutile. Apatite and amphi-
bole display euhedral acicular habits. Plagioclase and amphibole are
randomly intergrown in dense diktytaxitic frameworks.
The intermediate-basic dikes, consisting of sillite, diorite, and
dioritic porphyrite, show a massive structure with characteristics
similar to those of a microgranular, interlocking, or porphyritic
texture. The phenocryst consists of pyroxene, amphibole, and
plagioclase (5e25%), whose grain size ranges from 0.2 to 5mm. The
matrix is made up of plagioclase (55e70%), amphibole (12e25%),pyroxene (10e15%), and small amounts of quartz (w5%), and the
grain size is 0.03e0.30 mm. The minerals of dike show different
characteristics of a long strip plagioclase aligning directly and py-
roxene granular distribution, and pyroxene often are metasomat-
ized by amphibole as malcrystal. The quartz shows anhedral
rounded or irregular grains with curved shape boundaries.
3. Analytical methods
All the measurements in this study are performed at the State
Key Laboratory of Continental Dynamics in Northwest University,
Xi’an, China, except the SreNd isotope compositions were analyzed
at the Institute of Geology and Geophysics, Chinese Academy of
Sciences. Fresh chips of whole-rock samples were powdered to a
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elements were analyzed by XRF (Rikagu RIX 2100) and ICP-MS
(Agilent 7500a), respectively. As analyses of USGS and Chinese
national rock standards (BCR-2, GSR-1, and GSR-3) indicated both
analytical precision and accuracy for major elements were gener-
ally better than 5%. For trace element analysis, sample powders
were digested using an HF þ HNO3 mixture in high-pressure Teﬂon
bombs at 190 C for 48 h. Analytical precision was found to be
better than 10% for most trace elements.
For UePb and LueHf isotope analyses, zircon grains were
separated using the conventional heavy liquid and magnetic tech-
niques. Representative zircon grains were handpicked and moun-
ted in epoxy resin discs, and then polished and coated with carbon.
Internal morphology of the zircons was examined using cath-
odoluminescence (CL) prior to UePb isotopic analyses. Zircon UePb
analyses by laser ablation ICP-MS were conducted on an Agilent
7500a ICP-MS equipped with a 193 nm laser. During the analyses,
the spot diameter was 30 mm. The 207Pb/206Pb and 206Pb/238U ratios
were calculated using the GLITTER program, and were then cor-
rected using the Harvard zircon 91500 as an external calibrant. The
detailed analytical technique refers to Yuan et al. (2004). Common
Pb contents were therefore evaluated using the method described
by Andersen (2002). Age calculations and plotting of concordia
diagrams were made using ISOPLOT (version 3.0) (Ludwig, 2003).
Errors quoted in tables and ﬁgures were at the 1s levels.
In situ zircon Hf isotopic analyses were conducted using a
Neptune MC-ICP-MS, equipped with a 193 nm laser. During the
analyses, a laser repetition rate of 10 Hz at 100 mJ was used and
spot sizes were either 32 or 63 mm. The detailed analytical tech-
nique was described by Yuan et al. (2008). During analyses,
176Hf/177Hf and 176Lu/177Hf ratios of the standard zircon (91500)
were 0.282294  15 (2s, n ¼ 20) and 0.00031, similar to the
commonly accepted 176Hf/177Hf ratio of 0.282302  8 and
0.282306  8 (2s) measured using the solution method (Goolaerts
et al., 2004; Woodhead et al., 2004). The notations of εHf(t), fLu/Hf,
TDM1 and TDM2 are deﬁned as same as those in Yang et al. (2007),
with interpretations of single-stage Hf model ages for positive εHf(t)
values and two-stage Hf model ages were used for negative εHf(t)
values (Zheng et al., 2007).
SreNd isotopic compositions were analyzed at the Institute of
Geology and Geophysics, Chinese Academy of Sciences, using a
multicollector VG 354 mass spectrometer in static mode. Approx-
imately 100e150 mg of whole-rock powder was decomposed in a
mixture of HFeHClO4 in screw-top Teﬂon beakers, and Rb, Sr, Sm
and Nd were separated using cation exchange columns. Rb, Sr, Sm
and Nd concentrations were determined by isotope dilution, using
a mixed 87Rbe84Sre149Sme150Nd spike solution. Procedural blanks
were <200 pg for Sr and <50 pg for Nd. 143Nd/144Nd ratios were
normalized to 146Nd/144Nd ¼ 0.7219 and 87Sr/86Sr ratios were
normalized to 86Sr/88Sr ¼ 0.1194. Detailed analytical procedures
were described by Chen et al. (2001). During the course of this
study, the standards NBS 607 and BCR-1 gave 87Sr/86Sr ratios of
1.20032  28 (2r) and a 143Nd/144Nd ratios of 0.512626  9 (2r),
respectively. Analytical precision isw1% for 87Rb/86Sr and 0.5% for
147Sm/144Nd. The depleted mantle Nd model ages (TDM) were
calculated using the present-day depleted mantle 143Nd/144Nd and
147Sm/144Nd values of 0.513151 and 0.21357, respectively, and the
rock formation ages.
4. Results
4.1. Crystallization age of host granite, enclave, and dike
The results for LA-ICP-MS analysis of UeThePb on zircons from
host granite (AG-1), enclave (AGB-1) and dike (AGM-1) arepresented in Table 1. Zircon grains from these three samples are
light-yellow color, transparent to semi-transparent and occur as
euhedral stubby prismatic crystals 90e150 mm long with the
length-to-width ratio of around 1.0e3.0 (Fig. 4). The CL images
reveal a clear oscillatory zoning pattern for all zircons, with visible
inherited cores in some grains. These characteristics conﬁrm that
they were magmatic origin (Corfu et al., 2003).
Eighteen zircons from host granite sample AG-1 have a wide
range of U (156e322 ppm) and Th (85e217 ppm) contents, with
high Th/U ratios of 0.48e0.72, supporting that they were magmatic
origin. The age data are all concordant or nearly concordant
(Fig. 5a), but do not show a concentration 206Pb/238U age in the
range of 297e329 Ma. Therefore, three groups of concordant ages
are divided for sample AG-1, giving weighted mean 206Pb/238U ages
of 300.0  2.6 and 312.9  2.1 Ma, and the oldest group of
206Pb/238U ages of 325  6 and 329  3 Ma, respectively. The
youngest group of measured 206Pb/238U ages are in good agreement
with those of previous works (Kang et al., 2009; Tang et al., 2012a),
with aweightedmean age of 300 2.6Ma (MSWD¼ 0.61) (Fig. 5b).
This group of youngest zircons displays oscillatory zoning, without
visible inherited cores, which is considered to be the crystallization
age of the host granite. The two groups of older zircons show
similar morphological features and CL images and are likely
captured from wall rocks (early Carboniferous strata) (Geng et al.,
2011) or previous dikes (Feng et al., 2012) during the host granitic
magma ascent.
Zircons from enclave sample AGB-1 are observed to be euhe-
dral, elongate grains with relatively dark, homogeneous CL im-
ages, with some of them having darker cores and lighter rims
separated by irregular interfaces indicative of corrosion (Fig. 4).
Oscillatory zoning is absent in these crystals. In enclave zircons,
concentrations of Th and U are 392e8974 ppm and
266e6070 ppm, respectively, with Th/U ratios of 0.28e1.08.
Fourteen analyses of 17 grains constitute a coherent age group
with a weighted mean 206Pb/238U age of 300.7  2.3 Ma
(MSWD ¼ 0.30) (Fig. 5d), which should represent the crystalli-
zation age of the maﬁc magma. Three other analyses (spots 4.1,
7.1, and 10.1) yield early Carboniferous ages of 321, 333, and
336 Ma, respectively (Table 1 and Fig. 5c), which possibly resulted
from the lower Carboniferous strata in this area, as deﬁned by An
and Zhu (2009) and Guo et al. (2010).
A total of 16 spots were analyzed on 16 zircon grains from dike
sample AGM-1. Most zircons are rounded and granular in shape,
with length/width ratios in the range of 1.0e3.0 (ca. 90  10 mm in
length), and show clear coreemantle textures in CL images
(Fig. 4); this is a common phenomenon observed in most zircons,
as described by Vavra and Hansen (1991), Vavra et al. (1996) and
Corfu et al. (2003). Importantly, some zircon grains have visible
cores with older ages (e.g. spots 2.1, 5.1, and 12.1) and may
represent an inherited zircon. A captured zircon from old strata
was measured at spot 5.1 and yielded a 206Pb/238U age of 333 Ma,
older than the ages of the majority of zircons (Table 1 and Fig. 5e).
Another 13 analyzed spots spread along the concordant curve in
the UePb diagram with concentrated 206Pb/238U ages ranging
from 315 to 318 Ma (Fig. 5e), giving a weighted age of
316.4  2.7 Ma (Fig. 5f), which is insigniﬁcant because both of
zircon grains underwent alteration possibly. The remaining two
zircons have a younger age of 298 Ma in the rim, different from
the ages of the core, which is interpreted as the intrusive age of
the dikes. This result is compatible with the geological charac-
teristics of the study region.
As mentioned above, the consistent zircon UePb ages for the
host granite and enclave, at 300.0 and 300.7 Ma, respectively,
suggest coeval maﬁc and felsic magmatism, and 300 Ma represents
the emplacement age of these granites.
Table 1
LA-ICP-MS UePb data of zircons for the granite, enclave and dike from Karamay intrusions.
Spot Th/U Isotopic
contents (ppm)
Isotopic ratios Apparent age (Ma)
232Th 238U 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U
1s 1s 1s Age 1s Age 1s Age 1s
Host granite
1.1 0.64 201 313 0.0509 0.0015 0.3515 0.0102 0.0502 0.0004 234 53 306 8 316 2
2.1 0.51 122 239 0.0485 0.0016 0.3302 0.0102 0.0498 0.0007 123 46 290 8 313 4
3.1 0.55 153 278 0.0485 0.0014 0.3311 0.0094 0.0496 0.0004 124 50 290 7 312 3
4.1 0.48 108 225 0.0593 0.0031 0.3857 0.0183 0.0479 0.0007 578 78 331 13 302 4
5.1 0.53 139 262 0.0685 0.0022 0.4722 0.0143 0.0503 0.0004 549 109 342 14 313 3
6.1 0.53 85 160 0.0524 0.0022 0.3702 0.0154 0.0517 0.0009 305 62 320 11 325 6
7.1 0.50 155 308 0.0534 0.0017 0.3633 0.0113 0.0493 0.0004 344 56 315 8 310 2
8.1 0.67 194 288 0.0535 0.0016 0.3633 0.0103 0.0497 0.0005 349 47 315 8 312 3
9.1 0.55 142 260 0.0522 0.0019 0.3436 0.0124 0.0479 0.0006 294 59 300 9 302 4
10.1 0.72 153 212 0.0541 0.0023 0.3589 0.0151 0.0483 0.0006 377 72 311 11 304 4
11.1 0.53 147 280 0.0515 0.0018 0.3550 0.0129 0.0499 0.0005 262 66 308 10 314 3
12.1 0.57 159 276 0.0532 0.0018 0.3833 0.0129 0.0523 0.0005 338 58 329 9 329 3
13.1 0.68 217 320 0.0537 0.0016 0.3503 0.0102 0.0475 0.0004 357 51 305 8 299 2
14.1 0.57 185 322 0.0549 0.0017 0.3631 0.0106 0.0481 0.0004 410 49 314 8 303 3
15.1 0.49 115 237 0.0524 0.0017 0.3405 0.0108 0.0472 0.0004 304 55 298 8 297 3
16.1 0.52 158 302 0.0529 0.0014 0.3475 0.0094 0.0476 0.0004 326 46 303 7 300 2
17.1 0.65 184 285 0.0545 0.0024 0.3583 0.0150 0.0480 0.0005 393 74 311 11 302 3
18.1 0.75 118 156 0.0554 0.0021 0.3779 0.0144 0.0500 0.0006 429 63 326 11 314 4
Enclave
1.1 0.97 834 862 0.0532 0.0012 0.3486 0.0080 0.0475 0.0004 336 35 304 6 299 3
2.1 0.72 283 392 0.0563 0.0028 0.3669 0.0183 0.0477 0.0007 465 84 317 14 300 4
3.1 1.08 1414 1304 0.0583 0.0014 0.3860 0.0100 0.0478 0.0006 540 36 331 7 301 3
4.1 0.95 941 993 0.0527 0.0011 0.3718 0.0082 0.0511 0.0005 318 31 321 6 321 3
5.1 0.86 524 612 0.0517 0.0015 0.3425 0.0107 0.0480 0.0005 272 51 299 8 302 3
6.1 0.34 266 775 0.0540 0.0020 0.3549 0.0128 0.0476 0.0006 373 60 308 10 299 3
7.1 0.90 664 741 0.0542 0.0013 0.3955 0.0084 0.0530 0.0004 378 33 338 6 333 3
8.1 0.73 412 564 0.0511 0.0013 0.3369 0.0084 0.0479 0.0004 246 41 295 6 301 3
9.1 0.66 441 669 0.0509 0.0016 0.3308 0.0096 0.0475 0.0005 234 46 290 7 299 3
10.1 0.28 191 679 0.0563 0.0019 0.4158 0.0147 0.0536 0.0006 465 57 353 11 336 4
11.1 0.61 883 1454 0.0585 0.0018 0.3829 0.0098 0.0477 0.0005 547 36 329 7 300 3
12.1 0.89 757 856 0.0539 0.0020 0.3552 0.0131 0.0477 0.0006 368 62 309 10 301 3
13.1 0.68 6070 8974 0.0548 0.0011 0.3672 0.0080 0.0484 0.0005 405 30 318 6 305 3
14.1 0.83 516 620 0.0555 0.0019 0.3646 0.0124 0.0476 0.0005 434 56 316 9 300 3
Dike
1.1 0.79 154 196 0.0564 0.0020 0.3853 0.0126 0.0503 0.0005 468 54 331 9 317 3
2.1 0.52 141 273 0.0559 0.0023 0.3873 0.0153 0.0505 0.0006 449 67 332 11 318 4
3.1 0.55 177 321 0.0534 0.0017 0.3659 0.0113 0.0502 0.0005 346 52 317 8 316 3
4.1 0.69 158 228 0.0512 0.0026 0.3332 0.0180 0.0473 0.0008 248 94 292 14 298 5
5.1 1.01 464 457 0.0535 0.0019 0.3885 0.0131 0.0531 0.0007 351 52 333 10 333 4
6.1 0.57 151 263 0.0593 0.0020 0.4079 0.0131 0.0503 0.0005 577 52 347 9 316 3
7.1 0.67 174 260 0.0562 0.0021 0.3648 0.0130 0.0473 0.0006 461 54 316 10 298 4
8.1 0.73 232 317 0.0557 0.0015 0.3841 0.0093 0.0506 0.0004 441 39 330 7 318 2
9.1 0.69 177 257 0.0554 0.0019 0.3810 0.0125 0.0503 0.0004 430 58 328 9 316 3
10.1 0.58 83 143 0.0582 0.0036 0.3973 0.0243 0.0500 0.0008 539 107 340 18 315 5
11.1 0.62 400 646 0.0568 0.0014 0.3930 0.0100 0.0501 0.0005 483 40 337 7 315 3
12.1 0.63 277 442 0.0525 0.0013 0.3646 0.0091 0.0501 0.0004 308 43 316 7 315 2
13.1 0.44 107 243 0.0566 0.0022 0.3908 0.0137 0.0504 0.0005 474 59 335 10 317 3
14.1 0.56 130 230 0.0538 0.0022 0.3698 0.0147 0.0503 0.0005 362 73 320 11 317 3
15.1 0.67 199 295 0.0603 0.0030 0.4177 0.0203 0.0504 0.0006 616 85 354 15 317 4
16.1 0.51 106 207 0.0560 0.0017 0.3875 0.0122 0.0504 0.0005 452 52 333 9 317 3
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Major and trace element data of the host granite and micro-
granular enclaves from the Karamay intrusion are given in Table 2.
The host granites have an intermediate to felsic composition
(Fig. 6a), and are metaluminous (Fig. 6b), with Al2O3 contents in the
range of 13.84e14.72 wt.% and A/CNK values of 0.83e0.91. The
granite compositions deﬁne amedium to high-K calc-alkaline trend
(Fig. 6c), with high alkali (Na2O þ K2O) contents of 5.99e7.08 wt.%,
K2O/Na2O ratios ranging from 0.56 to 0.90 and CaO contents of
3.16e5.02 wt.%. Compared with normal crustal-derived felsic
magmas, the host granites are shown to have relatively high MgO
contents (1.59e2.98 wt.%), with Mg# (¼100 Mg2þ/(Mg2þ þ Fe2þ))
between 46 and 52 (average ¼ 48).The enclaves are reported to be calc-alkaline and maﬁc to in-
termediate in composition (SiO2 content 54.65e56.33 wt.%), cor-
responding to basaltic-trachy-andesite and basaltic andesite
(Fig. 6a). In the AFMdiagram (Fig. 6c), they showa similar pattern to
the host granite and deﬁne a trend from tholeiitic to calc-alkaline.
Compared with the host granites, the enclaves exhibit higher con-
centrations of TiO2 (0.87e0.89wt.% except in sample AGB-4 of 2.17),
CaO (4.86e7.07 wt.%), MgO (3.24e4.32 wt.%), and Mg# (37e52);
similar Al2O3 contents (13.23e16.04 wt.%) and lower A/CNK
(0.74e0.78) and alkali contents (Na2O þ K2O ¼ 5.55e5.90 wt.%).
The dikes plot in the andesite ﬁeld in SiO2 versus alkaline diagram
with the compositions of SiO2 ¼ 60.73e60.99 wt.% and
Na2Oþ K2O¼ 5.84e6.11 wt.% (Fig. 6a). They are found not only to be
similar to the enclaves in the AFM and A/NKeA/CNK diagrams, but
Figure 4. Representative CL image, LA-ICP-MS UePb and in situ LueHf analysis spots of the zircons (for detailed samples no. and age data see Table 1). The circles and numbers
indicate, respectively, the location and the result of zircon LA-ICP-MS UePb and in situ LueHf analyses conducted using a Neptune MC-ICP-MS.
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wt.%) contents. Compared with the enclaves, the dikes have lower
concentrationsof Fe2O3T (7.08e7.11wt.%),MgO(3.06e3.10wt.%), CaO
(4.64e4.76 wt.%), and Na2O (3.64e3.98 wt.%), and higher concen-
trations of SiO2 andK2O (2.13e2.20wt.%), similar to alkaline contents.
As evident from the plots of oxide versus MgO (Fig. 7), the en-
claves and dikes have higher Fe2O3T, Al2O3, TiO2, CaO, and Na2O
contents than those of host granites. The host granite compositions
are situated on a line of extension of the enclave compositions,
while the dike compositions located at the central part of the line.The host granite, enclaves, and dikes show (La/Yb)N ratios of
3.45e5.19,1.82e2.01 (except sample AGB-4 of 3.91), and 3.44e3.45,
respectively. In addition, they display ﬂat HREE patterns with (Gd/
Yb)N ratios of 0.99e1.16 for host granite, 0.91e0.98 (except sample
AGB-4 of 1.19) for enclaves, and 1.08e1.09 for dikes. Most of the
host granites, enclaves, and dikes exhibit negative Eu anomalies,
with an Eu/Eu* value of 0.92e1.08 (majority <1) for the host
granites, 0.95e0.98 for dikes, and especially 0.72e0.79 for enclaves.
Primitive mantle-normalized trace element patterns (Fig. 8) indi-
cate similar characteristics for all compositions types, although
Figure 5. Zircon LA-ICP-MS UePb concordia diagrams for the granites, enclaves and dikes from Karamay intrusions in West Junggar.
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samples, including the host granites, enclaves, and dikes showed
enrichment in Ba, U, K, and Pb contents and depletion in Th, Ta, and
Nb contents in the primitive mantle normalized trace element di-
agram, but the Pb enrichment is less pronounced in the dikes. The
host granite and enclaves have negative Zr anomaly, different from
the dikes. The host granite and the enclaves have, respectively, Nb/
Ta ratios of 10.94e14.52 and 15.13e16.86, Zr/Hf ratios of
24.42e28.23 and 26.63e41.04, and Nb/U ratios of 2.49e5.96 and
2.89e4.32. In case of the dikes, the Nb/Ta ratios (12.64e13.28) arebetween those of the host granite and enclaves, Nb/U ratios
(2.23e2.39) are lower, but Zr/Hf ratios (35.22e35.91) are higher
than theirs.
4.3. SreNd isotopic composition
SreNd isotopic composition of the Karamay host granites, en-
claves, and dikes in are listed in Table 3. Initial 87Sr/86Sr ratios and
εNd(t) values were calculated at 300 Ma on the basis of LA-ICP-MS
zircon UePb dating. The SreNd isotope data are plotted in terms
Table 2
Major element (wt.%) and trace elements (ppm) analyses of the granite, enclave and dike from Karamay intrusions.
Sample AG-1 AG-2 AG-3 AG-4 AG-5 AG-6 AG-7 AG-8 AG-10 AG-11 AGB-1 AGB-2 AGB-3 AGB-4 AGM-1 AGM-2
Host granite Enclave Dike
SiO2 66.07 65.67 66.30 66.95 67.40 66.91 67.46 67.59 63.00 63.10 55.88 56.33 56.09 54.65 60.99 60.73
TiO2 0.56 0.57 0.54 0.57 0.58 0.58 0.51 0.56 0.81 0.83 0.87 0.89 0.87 2.17 0.75 0.80
Al2O3 13.94 13.84 13.94 14.44 14.30 14.47 14.08 14.17 14.72 14.60 15.78 15.96 16.04 13.23 14.70 14.74
Fe2O3T 4.07 4.13 3.98 4.27 4.23 4.35 3.95 4.12 6.11 6.12 8.69 8.53 8.37 12.28 7.11 7.08
MnO 0.06 0.07 0.06 0.06 0.07 0.07 0.06 0.07 0.09 0.09 0.18 0.16 0.16 0.16 0.13 0.13
MgO 1.65 1.70 1.59 1.68 1.69 1.69 1.76 1.80 2.94 2.98 4.32 3.87 3.89 3.24 3.06 3.10
CaO 3.47 3.51 3.42 3.60 3.66 3.60 3.16 3.56 5.02 4.94 7.07 6.86 6.87 4.86 4.64 4.76
Na2O 3.75 3.68 3.73 3.86 3.83 3.86 3.73 3.73 3.84 3.82 4.45 4.74 4.78 3.39 3.64 3.98
K2O 2.99 2.97 2.99 3.01 2.98 3.05 3.35 3.03 2.15 2.20 1.10 1.09 1.12 2.40 2.20 2.13
P2O5 0.12 0.13 0.11 0.13 0.12 0.13 0.12 0.13 0.17 0.17 0.14 0.15 0.15 0.46 0.16 0.16
LOI 2.85 3.25 2.93 1.19 0.93 1.08 1.50 1.00 0.95 0.92 1.32 1.22 1.44 2.73 2.30 2.03
Total 99.53 99.52 99.59 99.76 99.79 99.79 99.68 99.76 99.80 99.77 99.80 99.80 99.78 99.57 99.68 99.64
A/CNK 0.89 0.88 0.89 0.89 0.88 0.89 0.91 0.89 0.83 0.83 0.74 0.74 0.74 0.78 0.87 0.84
A/NK 1.48 1.49 1.49 1.50 1.50 1.50 1.44 1.51 1.70 1.69 1.85 1.78 1.77 1.62 1.76 1.67
Mg# 47.15 47.53 46.79 46.41 46.79 46.09 49.51 49.02 51.43 51.73 52.25 49.96 50.57 36.74 48.65 49.08
Li 7.36 7.62 9.02 9.08 7.37 6.15 8.84 6.47 9.75 9.15 10.90 9.08 8.71 21.80 18.90 15.80
Be 1.09 1.05 1.13 1.20 0.97 1.24 1.40 1.06 1.14 1.12 1.48 1.68 1.71 1.31 0.88 0.91
Sc 22.00 10.00 8.70 14.00 8.99 9.93 8.91 8.77 16.10 14.30 25.40 27.50 24.90 28.20 14.50 14.80
V 76.10 76.40 71.50 89.20 76.80 80.40 69.20 76.20 120 116 163 164 161 223 126 129
Cr 23.50 23.50 20.80 24.70 34.50 22.90 19.60 36.30 89.90 77.20 115 69.00 69.20 15.40 46.10 49.50
Co 10.10 10.20 9.47 11.10 9.82 10.40 8.98 10.20 19.50 17.30 23.50 20.60 21.10 24.30 18.70 18.50
Ni 14.00 13.90 13.00 15.20 13.60 13.90 12.20 14.40 50.20 41.30 41.50 27.70 28.40 5.94 27.80 28.40
Cu 15.00 13.80 20.70 11.90 11.70 14.60 22.40 15.40 56.20 50.30 77.30 60.50 57.20 26.70 9.62 11.40
Zn 35.50 34.10 32.00 39.00 34.10 34.90 36.70 33.00 64.70 53.90 66.20 58.70 61.90 112 81.90 59.50
Ga 16.40 17.00 15.80 17.10 16.30 16.00 15.70 16.00 18.60 17.00 18.80 17.70 18.80 21.40 18.10 17.60
Rb 65.00 69.70 71.20 74.40 66.70 72.60 76.30 71.70 44.10 42.60 50.60 47.30 51.90 36.10 81.90 76.30
Sr 258 272 270 301 278 273 270 279 370 329 318 299 313 259 418 419
Y 16.40 17.00 15.80 17.70 16.30 17.10 16.20 15.80 21.40 19.80 24.90 24.20 25.00 41.10 18.80 18.60
Zr 93.60 90.80 77.80 86.20 89.40 115 90.60 89.30 71.70 69.70 81.50 87.70 80.00 554 193 195
Nb 4.52 4.57 4.34 4.81 4.45 4.56 4.55 4.38 5.33 4.95 4.62 4.62 4.66 7.43 3.26 3.16
Cs 2.04 2.09 1.68 1.90 1.80 1.79 1.61 1.74 1.48 1.55 2.05 1.80 1.97 2.27 1.35 1.50
Ba 697 678 641 719 644 669 711 674 580 533 249 230 245 409 321 354
La 12.80 12.90 15.90 13.50 11.00 11.50 13.20 10.90 15.20 13.70 9.60 9.48 9.74 30.70 12.10 11.60
Ce 24.20 27.70 33.10 29.20 24.40 25.60 28.50 24.60 33.70 30.40 26.00 25.80 26.40 67.60 26.80 26.00
Pr 3.39 3.43 3.91 3.69 3.10 3.20 3.44 3.02 4.37 3.89 3.71 3.72 3.77 8.69 3.43 3.29
Nd 14.50 14.70 15.90 15.30 13.40 13.80 14.00 13.20 18.70 17.10 17.20 17.50 17.70 38.70 15.60 15.10
Sm 3.11 3.00 3.23 3.31 3.02 3.09 3.07 2.84 4.20 3.67 4.18 4.15 4.35 7.96 3.38 3.35
Eu 0.96 0.92 0.91 0.99 0.89 0.90 0.87 0.95 1.16 1.04 0.94 0.97 1.02 2.04 1.02 1.03
Gd 2.70 2.81 2.79 2.90 2.70 2.74 2.56 2.56 3.72 3.49 3.87 4.11 4.07 7.77 3.19 3.07
Tb 0.55 0.57 0.53 0.61 0.55 0.54 0.52 0.52 0.76 0.69 0.82 0.83 0.84 1.55 0.62 0.63
Dy 3.26 3.28 3.02 3.53 3.19 3.28 3.11 3.08 4.33 4.00 4.82 5.01 4.84 8.88 3.77 3.54
Ho 0.68 0.70 0.66 0.72 0.66 0.66 0.63 0.66 0.88 0.80 1.00 1.04 1.02 1.82 0.75 0.77
Er 1.95 2.01 1.84 2.18 1.86 1.98 1.94 1.83 2.43 2.23 3.00 2.93 2.98 5.21 2.21 2.26
Tm 0.34 0.34 0.32 0.36 0.34 0.36 0.33 0.35 0.39 0.39 0.53 0.51 0.54 0.84 0.36 0.36
Yb 2.11 2.27 2.07 2.35 2.06 2.25 2.03 2.04 2.59 2.44 3.23 3.39 3.61 5.31 2.37 2.30
Lu 0.37 0.38 0.31 0.38 0.35 0.37 0.36 0.33 0.40 0.37 0.53 0.56 0.58 0.87 0.40 0.37
Hf 3.78 3.54 3.01 3.52 3.30 4.14 3.71 3.34 2.54 2.53 3.06 3.16 2.99 13.50 5.48 5.43
Ta 0.36 0.41 0.39 0.42 0.39 0.39 0.42 0.36 0.39 0.34 0.27 0.30 0.31 0.48 0.26 0.24
Pb 8.78 8.43 7.27 8.57 7.74 8.00 8.75 8.04 7.94 6.78 6.44 6.30 6.30 6.39 4.07 3.77
Th 5.70 6.17 5.81 6.10 5.59 5.41 7.11 5.61 3.78 3.70 2.12 2.57 2.11 3.40 3.82 3.73
U 1.79 1.75 1.74 1.63 1.54 1.73 1.82 1.65 1.07 0.83 1.23 1.41 1.61 1.72 1.46 1.32
(La/Yb)N 4.10 3.84 5.19 3.88 3.61 3.45 4.39 3.61 3.97 3.79 2.01 1.89 1.82 3.91 3.45 3.41
Eu/Eu* 1.02 0.97 0.92 0.98 0.95 0.95 0.95 1.08 0.90 0.89 0.72 0.72 0.74 0.79 0.95 0.98
Nb/U 2.53 2.61 2.49 2.95 2.89 2.64 2.50 2.65 4.98 5.96 3.76 3.28 2.89 4.32 2.23 2.39
Ce/Pb 2.76 3.29 4.55 3.41 3.15 3.20 3.26 3.06 4.24 4.48 4.04 4.10 4.19 10.58 6.58 6.90
Rittmann 1.97 1.95 1.94 1.97 1.90 2.00 2.05 1.86 1.79 1.80 2.39 2.55 2.66 2.88 1.90 2.11
LOI ¼ loss on ignition, A/NK ¼ Al2O3/(Na2O þ K2O)(mol), A/CNK ¼ Al2O3/(Na2O þ K2O þ CaO)(mol), Mg# ¼ Mg2þ/(Mg2þ þ Fe2þ)  100, Eu/Eu* ¼ EuN/(SmN  GdN)1/2,
N ¼ chondrite-normalized data.
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reported compositional ﬁelds of Carboniferous granites in the
central part of West Junggar (Fig. 9b) (Chen and Jahn, 2004; Chen
and Arakawa, 2005; Geng et al., 2009, 2011; Tang et al., 2012c).
The host granites exhibit a narrow variation of SreNd isotopic
compositions, with (87Sr/86Sr)i ¼ 0.703421e0.703526, εNd(t) ¼
7.3e8.1, and Nd model ages of 493e510 Ma. The enclaves show
(87Sr/86Sr)i ¼ 0.703535e0.703559, εNd(t) ¼ 6.8e8.3, and Nd model
ages of 426e580 Ma. The dikes exhibit similar results:
(87Sr/86Sr)i ¼ 0.703303 and εNd(t) ¼w6.9. All the rocks have youngNd model age, and plot close to the mantle array and within the
ﬁeld of the West Junggar intrusions.
4.4. Zircon LueHf isotopic compositions
The Karamay plutonic zircons have low 176Lu/177Hf ratios of
0.000454e0.001029 for the host granite, 0.000549e0.003073 for
the enclaves, and 0.000439e0.001305 for the dikes. Because of
these low Lu/Hf ratios, the radiogenic Hf production was very
limited over the 300 Ma lifetime for the zircons. Because zircons
Figure 6. Geochemical classiﬁcation diagrams for the granites, enclaves and dikes
from Karamay intrusions. (a) Total alkali versus silica (TAS) diagram (after Le Bas et al.,
1986), (b) A/NK versus A/CNK diagram (after Maniar and Piccoli, 1989), and (c) AFM
diagram (after Irvine and Baragar, 1971).
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groups of ages, their Hf model ages and εHf(t) values were calcu-
lated for each group age. Zircons from host granite sample AG-1
with a 206Pb/238U age of 300 Ma display a narrow variation in Hf
isotopic composition. Eight of 18 analyzed spots exhibit positive
εHf(t) values of 5.5e14.1 and single-stage Hf model ages of
373e717 Ma (Table 4 and Fig. 9c), seven analysis spots with a
206Pb/238U age of 313 Ma have similar positive εHf(t) values of
6.4e13.9 and single-stage Hf model ages of 392e690 Ma, and the
two old zircons exhibit positive εHf(t) values of 5.6 and 12.3 and
single-stage Hf model ages of 733 and 463 Ma (Table 4 and Fig. 9c).
Zircons from enclave sample AGB-1 with a 206Pb/238U age of300 Ma display a relatively limited variation in Hf isotopic
composition (Fig. 9c). Eleven of 14 analyzed spots exhibit positive
εHf(t) values of 7.6e13.2 and single-stage Hf model ages of
456e637 Ma, similar to the three old zircons with positive εHf(t)
values of 6.9e13.1 and single-stage Hf model ages of 442e690 Ma
(Table 4 and Fig. 9c).
In contrast, zircons from dike sample AGM-1 with a 206Pb/238U
age of 316Ma display a higher and narrower variation in Hf isotopic
composition (Fig. 9c). Thirteen of 16 analyzed spots show positive
εHf(t) values of 11.0e15.2 and single-stage Hf model ages of
342e509 Ma (Table 4 and Fig. 9c), which are consistent with the
other young (298 Ma) and old (333 Ma) zircons with positive εHf(t)
values of 14.2e14.9 and 14.4, and single-stage model ages of
337e367 Ma and 389 Ma, respectively. The positive εHf(t) values
obtained for their zircons are close to the studied positive
εHf(t)eεNd(t) values (>6.0) for the West Junggar region of CAOB
(Chen and Arakawa, 2005; Geng et al., 2009; Tang et al., 2010,
2012a), corresponding to the young single-stage model ages of
337e717 Ma, which are not only close to the timing of zircon
growth from themaﬁc magma, but also similar to zircon UePb ages
of 300e336 Ma for subduction magmatism in the southeast Darbut
suture (Liu et al., 2007; Jian et al., 2008; Yin et al., 2010; Geng et al.,
2011; Zhang et al., 2011b; Tang et al., 2012a).
5. Discussion
5.1. Physical conditions and ages of emplacement
Although we have no applicable mineral barometer to be used
for determining the emplacement depth of these granites, in the
CIPW-normative QzeAbeOr diagram (Fig. 10a), most samples plot
in the low-temperature ﬁeld approximately 5e7 kb, and to the right
of the cotectic/eutectic minima of the H2O-saturated haplogranite
system, typical of high-level emplacement of natural low-
temperature granites (Johannes and Holtz, 1996). The magma
temperatures could be estimated using zircon saturation ther-
mometry (Miller et al., 2003). The zircon thermometer gives tem-
peratures that vary between 680 and 734 C (granites), 660 and
826 C (enclaves), and 758 and 763 C (dikes). The results suggest
relatively low magmatic temperatures for the granites, which are
also in agreement with the temperatures evaluated using
P2O5eSiO2 Harker diagrams (Fig. 10b). The temperature and pres-
sure conditions show that the Karamay Carboniferous granites with
an emplacement depth of about 17e21 km extensively exposed to
the surface. This also indicates a denudation of the crustal materials
with the thickness of 17e21 km since late Carboniferous in the
Karamay area.
The coeval Karamay host granite and enclaves were deﬁned as
ca. 300Ma, which is consistent with the recently-published data for
other granites of southern West Junggar (Han et al., 1997, 2006;
Chen and Arakawa, 2005; Su et al., 2006; Zhou et al., 2008; Geng
et al., 2009; Chen et al., 2010; Tang et al., 2010), further conﬁrm-
ing late Carboniferous as the peak time of granites. In addition, two
groups of different ages (316Ma and 298Ma) are obtained from the
dikes. Characteristics of the older age from the dikes are similar to
those of the granites from northern Karamay (314  7 Ma, Han
et al., 2006). It is very common that the intermediaebasic dikes
contain felsic small clumps or residue of granite material (Li et al.,
2004; Hou et al., 2005). The dikes in Karamay area intrude into
the granites in the ﬁeld (Fig. 3b), and the older age data are mainly
from the core of zircons (Fig. 4), suggesting that the emplacement
time of dikes was not earlier than that of granite. Therefore, we
conclude that the Karamay dikes in the study area formed at
298 Ma and were produced contemporaneously with the host
granite and enclaves.
Figure 7. Major elements in compounds (a) SiO2, (b) Al2O3, (c) Fe2O3T, (d) K2O, (e) TiO2, (f) CaO, (g) Na2O and (h) trace element (La/Yb)N ratios versus MgO for the granites, enclaves
and dikes in the Karamay area.
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The observation of enclaves in granitic intrusions is commonly
interpreted as magma mixing (Jin and Zhang, 1993; Yang et al.,
1998, 1999; Li et al., 2004; Gao et al., 2006; Su et al., 2006; Kang
et al., 2009; Zhang et al., 2009; Zou et al., 2011), three models
were proposed to explain the origin of enclaves: lower crustal maﬁc
rocks (Kepezhinskas et al., 1997), restites (Chen et al., 1989;
Chappell et al., 2000), and inclusions of basic magma derived
frommantle source (Vernon, 1984, 1990; Vernon et al., 1988; Bonin,
2004; Yang et al., 2004, 2006). Firstly, the wide range in zircon Hf
compositions and the whole-rock SreNd isotopic data from Kar-
amay granite, enclaves and dikes indicate a complex evolution
process, rather than simple closed-system fractionation processes.Secondly, the similar trace element characteristics and lower (La/
Yb)N ratios of enclaves in Karamay intrusion indicate a restitic
origin. However, the marked SreNdeHf isotopic differences be-
tween enclaves and host granite clearly ruled out the restite model,
because restite derived from the source rock of the granitoids
should be in isotopic equilibriumwith its ﬁnal melts (Collins, 1998).
The enclaves have igneous microtextures and contain acicular ap-
atites, which are analogous to other cases from around the world,
interpreted to represent remnants of a maﬁc component added to
felsic magma chambers (Eichelberger, 1980; Vernon, 1984; Didier
and Barbarin, 1991; Bonin, 2004; Yang et al., 2007). Acicular apa-
tites are common in enclaves and are caused by rapid cooling,
resulting from the mixing of hot maﬁc magma and cooler granite
melt (Sparks and Marshall, 1986). Also, the presence of K-feldspar
Figure 8. Chondrite-normalized REE patterns and primitive mantle-normalized trace element spider diagrams for the dikes, granites and enclaves in the Karamay area. Chondrite-
normalized values according to Taylor and Mclennan (1985). Primitive mantle-normalized value according to Sun and McDonough (1989). The data about lower and bulk conti-
nental crust are from Rudnick and Gao (2003).
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1996; Perugini et al., 2003). In addition, zircons with homogeneous
UePb ages have variable Hf isotopic compositions, indicating
magma mixing processes (Elburg, 1996; Grifﬁn et al., 2002;
Belousova et al., 2006; Yang et al., 2006, 2007). Furthermore, the
linear trends of enclaves and host granite in the Harker diagrams
(Fig. 7) may also indicate a magma mixing process in theTable 3
Whole-rock SreNd isotopic compositions of the granite, enclave, and dike from Karama
Sample Rock Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr 2s (87Sr/86Sr
AG-1 Host granite 65.0 258 0.728864 0.706553 12 0.703441
AG-2 Host granite 69.7 272 0.741341 0.706586 13 0.703421
AG-10 Host granite 44.1 370 0.344765 0.704998 12 0.703526
ABG-1 Enclave 50.6 318 0.460290 0.705500 14 0.703535
ABG-2 Enclave 47.3 299 0.457613 0.705513 13 0.703559
AGM-1 Dike 81.9 418 0.566793 0.705707 15 0.703303
87Rb/86Sr and 147Sm/144Nd ratios were calculated using Rb, Sr, Sm and Nd contents, mea
εNd(t) values were calculated using present-day (147Sm/144Nd)CHUR ¼ 0.1967 and (143Nd
TDM values were calculated using present-day (147Sm/144Nd)DM ¼ 0.2137 and (143Nd/144petrogenesis of the Karamay intrusions. Therefore, there is no
doubt that the enclaves are not restites, but the results of a two-
end-member interaction with their host rocks (Barbarin and
Didier, 1992; Wiebe et al., 1997; Perugini et al., 2003).
Besides magma mixing, the enclaves and host granites from the
Karamay intrusions plot on the trends of clinopyroxenewith olivine
in the NieCr diagram (Fig. 11a) and feldspar fractionation in they intrusions.
)i Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd 2s εNd(t) TDM (Ma)
3.11 14.5 0.129675 0.512880 14 7.29 493
3.00 14.7 0.123387 0.512911 13 8.14 406
4.20 18.7 0.135792 0.512891 11 7.27 510
4.18 17.2 0.146933 0.512965 11 8.29 426
4.15 17.5 0.143375 0.512884 14 6.85 580
3.38 15.6 0.130995 0.512863 14 6.89 532
sured by ICP-MS.
/144Nd)CHUR ¼ 0.512638.
Nd)DM ¼ 0.51315.
Figure 9. Plots of εNd(t) values versus initial 87Sr/86Sr (a) and age (b) of Karamay in-
trusions and their zircon Hf isotopic compositions (c). The zircon εHf(t) of each sample
was calculated at its zircon LA-ICP-MS UePb age. The compared data for the West
Junggar granitoids are from Chen and Jahn (2004), Chen and Arakawa (2005), Geng
et al. (2009, 2011) and Tang et al. (2012c). Data for the CambrianeOrdovician ophio-
lites are from Zhang and Huang (1992), and the enriched mantle EMI and EMII
members (Hart, 1988) are shown for comparison.
D. Li et al. / Geoscience Frontiers 6 (2015) 153e173 165Rb/SreSr and Eu/Eu*eSiO2 diagrams (Fig. 11b). Feldspar fraction-
ation is also supported by depletions in Sr and Eu contents, typical
characteristics of the mantle-normalized trace element patterns
(Fig. 8b and d). Therefore, the Karamay enclaves and host granites
were a result of mixing between maﬁc and felsic magmas, coupled
with fractionations of clinopyroxene and feldspar.5.3. Magma sources
The Karamay host granite and enclaves and dikes have low
initial 87Sr/86Sr ratios and positive εNd(t) and εHf(t) values, indi-
cating that their source have insigniﬁcant contribution from
ancient crustal materials, which is consistent with the recent
observation that Precambrian basement may not present in the
West Junggar region (Hu et al., 2000). The distinct geochemical
data and zircon Hf isotopes of Karamay enclaves and host granite
suggest that they are not equilibrated during maﬁcefelsic magma
mixing and can be used to trace the sources of maﬁc and felsic
magmas (Holden et al., 1987). Relatively low initial 87Sr/86Sr ra-
tios of 0.703421e0.703526, and positive εNd(t) (7.3e8.1) and εHf(t)
(5.5e14.1) values of the host granite reﬂect that the source had
signiﬁcant contribution from a depleted mantle component. The
early Carboniferous arc-type basalts and late Carboniferous
tholeiitic basalts could represent the isotopic compositions of
Carboniferous mantle sources (Tang et al., 2012b). However, the
host granites have much higher εNd(t) values than those of the
early Carboniferous arc-type basalts (εNd(t) ¼ 3.9e6.8) (Geng
et al., 2009) and late Carboniferous tholeiitic basalts (Tang
et al., 2012b). This suggests that Carboniferous mantle source
cannot account for the highly depleted SreNdeHf isotopic com-
positions of the Karamay host granites (Tang et al., 2012c). In
general, partial melting of maﬁc or intermediate lower crust may
account for the origin of granitic rocks, as shown by some
geochemical. Actually, it has been also proved by experimental
petrology that partial melting of the maﬁc lower crust could
produce metaluminous granitic magmas, regardless of the degree
of partial melting (Sen and Dunn, 1994; Wolf and Wyllie, 1994;
Rapp and Watson, 1995). The host granites have signiﬁcantly
high Mg# (46e52, >45), and Cr (19.6e89.9 ppm) and Ni
(12.2e50.2 ppm) contents, indicating its derivation from a maﬁc
lower crust. They have a high CaO/Na2O ratio. In the CaO/Na2O-
eAl2O3/TiO2 diagram (Fig. 12a), they fall along a mixing line be-
tween pelite- and basalt-derived melts, indicating that the
samples were derived from a relatively plagioclase-rich/clay-poor
source (Chappell and White, 1992; Sylvester, 1998). This is also
conﬁrmed by the Rb/BaeRb/Sr diagram (Fig. 12b). These host
granites have high SiO2 (63.00e67.59 wt.%) content and low MgO
(1.59e2.98 wt.%) and TiO2 (0.51e0.83 wt.%) contents and exhibit
moderately fractionated REE, insigniﬁcant Eu anomalies and high
Sr (258e370 ppm) and Ba (533e719 ppm) contents, suggesting
that their parental melts originated from partial melting of a
lower crustal source with major amphibole and minor granite,
but without plagioclase in the residue (Sen and Dunn, 1994),
consistent with those of the granitic melts in the Karamay area
(Tang et al., 2012a). In addition, the isotopic compositions of the
source rocks have high initial 87Sr/86Sr ratios and positive
εNd(t)eεHf(t) values and young Nd and Hf model ages (Tables 3
and 4; Fig. 9), similar to the crustal ages of the whole Junggar
terrane, and to plot on/above the evolution area of Cam-
brianeOrdovician ophiolites in West Junggar (Fig. 9b). These data
provide powerful evidence for early Paleozoic oceanic crust
components to contribute to the source for the Karamay host
granites. By contrast, the enclaves exhibit relatively low SiO2
content (54.65e56.33 wt.%, average value ¼ 55.74 wt.%) and
relatively high Mg# (50e52, with one exception; sample AGB-4
having a low Mg# of 37), which are different from those of
crust-derived melts (Rudnick and Gao, 2003), indicating a
mantle-derived component.
They have low TiO2 content, and enriched in LILEs and LREEs
and depleted in HFSEs, with negative Nb and Ta anomalies in the
primitivemantle normalized trace element diagram (Fig. 8d). Initial
87Sr/86Sr ratios of 0.703535e0.703559, positive εNd(t) values of
Table 4
LueHf isotope analysis results of zircons for the granite, enclave and dike from Karamay intrusions.
Spots Age (Ma) 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2s εHf(t) TDM1 (Ma) TDM2 (Ma) fLu/Hf
Host granite
1.1 313 0.022601 0.000873 0.282833 0.000017 8.9 592 657 0.97
2.1 313 0.016041 0.000635 0.282964 0.000013 13.6 404 426 0.98
3.1 313 0.014929 0.000585 0.282958 0.000014 13.4 412 436 0.98
4.1 300 0.014978 0.000599 0.282881 0.000013 10.3 521 575 0.98
5.1 313 0.016239 0.000636 0.282874 0.000013 10.4 531 583 0.98
6.1 325 0.016676 0.000647 0.282923 0.000014 12.3 463 496 0.98
8.1 313 0.018210 0.000696 0.282761 0.000015 6.4 690 781 0.98
9.1 300 0.011667 0.000454 0.282886 0.000017 10.5 512 565 0.99
10.1 300 0.020832 0.000765 0.282961 0.000018 13.1 410 437 0.98
11.1 313 0.015188 0.000596 0.282973 0.000013 13.9 392 411 0.98
12.1 329 0.015149 0.000594 0.282730 0.000015 5.6 733 831 0.98
13.1 300 0.022344 0.000866 0.282894 0.000018 10.7 506 554 0.97
14.1 300 0.018391 0.000730 0.282924 0.000021 11.8 462 500 0.98
15.1 300 0.013135 0.000524 0.282986 0.000016 14.1 373 390 0.98
16.1 300 0.018618 0.000748 0.282884 0.000021 10.4 519 571 0.98
17.1 300 0.026366 0.001029 0.282747 0.000027 5.5 717 813 0.97
18.1 313 0.019756 0.000750 0.282844 0.000017 9.3 575 637 0.98
Enclave
1.1 300 0.049947 0.002044 0.282871 0.000023 9.7 557 607 0.94
2.1 300 0.032175 0.001323 0.282899 0.000020 10.8 505 551 0.96
3.1 300 0.055537 0.002221 0.282841 0.000023 8.6 602 660 0.93
4.1 321 0.055698 0.002273 0.282782 0.000023 6.9 690 760 0.93
5.1 300 0.029775 0.001231 0.282965 0.000022 13.2 409 433 0.96
6.1 300 0.011951 0.000549 0.282888 0.000019 10.6 510 562 0.98
7.1 333 0.055509 0.002248 0.282950 0.000025 13.1 442 463 0.93
8.1 300 0.040415 0.001688 0.282893 0.000021 10.5 519 565 0.95
9.1 300 0.036131 0.001537 0.282809 0.000024 7.6 637 709 0.95
10.1 336 0.018800 0.000808 0.282817 0.000022 8.8 615 681 0.98
11.1 300 0.036979 0.001550 0.282861 0.000022 9.4 563 619 0.95
12.1 300 0.053178 0.002151 0.282823 0.000022 8.0 629 692 0.94
13.1 300 0.074826 0.003073 0.282832 0.000024 8.1 630 684 0.91
14.1 300 0.050122 0.002015 0.282939 0.000026 12.1 456 487 0.94
Dike
1.1 316 0.025255 0.000939 0.282951 0.000018 13.1 426 451 0.97
2.1 316 0.013728 0.000550 0.283008 0.000015 15.2 342 348 0.98
3.1 316 0.020766 0.000848 0.282901 0.000013 11.3 496 538 0.97
4.1 298 0.010902 0.000439 0.283011 0.000019 14.9 337 346 0.99
5.1 333 0.032981 0.001253 0.282980 0.000015 14.4 389 401 0.96
6.1 316 0.019341 0.000757 0.282938 0.000015 12.7 443 473 0.98
7.1 298 0.022652 0.000866 0.282992 0.000014 14.2 367 383 0.97
8.1 316 0.023487 0.000902 0.282919 0.000015 12.0 472 508 0.97
9.1 316 0.026953 0.000994 0.282977 0.000014 14.0 389 406 0.97
10.1 316 0.015877 0.000601 0.282907 0.000015 11.6 485 526 0.98
11.1 316 0.033370 0.001305 0.282937 0.000014 12.5 451 480 0.96
12.1 316 0.024093 0.000947 0.282987 0.000015 14.3 376 390 0.97
13.1 316 0.016172 0.000619 0.282939 0.000014 12.7 439 469 0.98
14.1 316 0.020315 0.000772 0.282946 0.000017 12.9 431 459 0.98
15.1 316 0.020856 0.000798 0.282891 0.000015 11.0 509 555 0.98
16.1 316 0.018820 0.000726 0.282897 0.000016 11.2 499 543 0.98
176Lu decay constant is 1.865  1011 yr1.
Chondritic values: 176Lu/177Hf ¼ 0.0332  0. 0002, 176Hf/177Hf ¼ 0.282772  0.000029.
Depleted mantle values: (176Lu/177Hf)DM ¼ 0.0384, (176Hf/177Hf)DM ¼ 0.28325.
TDM1 ¼ 1/l  ln(1 þ ((176Hf/177Hf)S  (176Hf/177Hf)DM)/((176Lu/177Hf)S  (176Lu/177Hf)DM)).
TDM2 ¼ 1/l  ln(1 þ ((176Hf/177Hf)S,t  (176Hf/177Hf)DM,t)/((176Lu/177Hf)S  (176Lu/177Hf)DM)) þ t.
D. Li et al. / Geoscience Frontiers 6 (2015) 153e1731666.8e8.3 with Nd model age of 426e580 Ma and εHf(t) values of
7.6e13.2 with Hf model ages of 456e637 Ma reﬂect that the en-
claves were derived from the partial melting of a depletion mantle.
However, the enclaves show lower Sm/Th (1.61e2.34) and higher
Th/Y (0.08e0.11) ratios than N-MORB, suggesting the mantle
sources were enriched but not depleted. Also, they have relatively
high La/Nb (2.05e4.13) and La/Ta (32e65) and low La/Ba
(0.04e0.08) ratios, indicating an enriched lithosphere mantle
source (Thompson and Morrison, 1988; Saunders et al., 1992). The
mantle enrichment probably was associated with the interaction
between a mantle and ﬂuids or melts from down-going slabs or
sediments in the subduction zone. The samples have low Ce/Th
ratios (10.04e19.88), Ce/Pb (4.04e4.19), Ba/Rb (0.09e0.21) and Ba/Th (89.49e120.29), and high Th (2.11e3.40 ppm) and Pb
(6.30e6.44 ppm) contents, showing the possibility of a subtractive
sediment joining into magma source (Edwards et al., 1994; Plank
and Langmuir, 1998; Turner et al., 2003). In addition, the Nb/U ra-
tios (ranging from 2.89 to 4.32), and Ce/Pb ratios (ranging from 4.04
to 4.19) of the enclaves are much lower than those of OIB (Nb/
U ¼ 47  10, Hofmann et al., 1986; Ce/Pb ¼ 25  10, Sun and
McDonough, 1989), but similar to those of continent crust (Nb/
U ¼ 12, Ce/Pb ¼ 4.12; Taylor and Mclennan, 1995), further indi-
cating that the lithosphere mantle was metasomatized by melting
of sedimentary material from subduction belt. The low Nb/U ratio
may be related to a low Nb content, possibly resulting from input
of subducted materials. Zircons from the enclaves have the
Figure 10. (a) CIPW-normative QzeAbeOr triangular diagram (Johannes and Holtz,
1996) and (b) temperature evaluation based on P2O5eTiO2 after Green and Pearson
(1986).
Figure 11. (a) NieCr and (b) Rb/SreSr and Eu/Eu*eSiO2 diagrams showing clinopyr-
oxene- and plagioclase-dominated fractionation in the evolution of magmas of the
Karamay intrusions. Partition coefﬁcients are from Rollinson (1993).
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values. This is consistent with their whole-rock Nd model ages of
426e580 Ma for the Karamay enclaves. Therefore, the origin of the
enclaves may be a Neoproterozoic to early Paleozoic enrichment
lithosphere mantle metasomatized by a subducted melt. The en-
claves have variable positive εNd(t) and εHf(t) values, indicating that
they may be a result of mixing between mantle- and crust-derived
magmas (Barbarin, 2005; Karsli et al., 2007; Yang et al., 2007). The
dikes in the Karamay area have high Mg# (w49), and Cr and Ni
contents, and are enriched in LILEs and LREEs and depleted in
HFSEs with negative Nb and Ta, indicating that they were likely
derived from an enriched mantle source or a depleted mantle
source with crustal contamination. However, their high and ho-
mogeneous whole-rock Nd and zircon Hf isotope compositions
(εNd(t) ¼ w6.9; εHf(t) ¼ 14.2e14.9) are lower than those of the
depleted mantle and preclude their assimilation in crustal mate-
rials, as evidenced from the young HfeNd model age, because the
crustal assimilation would generally impart variable HfeNd iso-
topic compositions. Therefore, these geochemical features were
most likely attributed to a subduction-modiﬁed source like that of
enclaves. In addition, they also show high Sr (418e419 ppm) and
low Y (18.6e18.8 ppm) contents, with high Sr/Y ratios, similar to
the nearby adakites (Tang et al., 2012a), the subducted oceanic
crust-derived slab melts joined in the metasomatization of their
source. The variable Cr and Ni contents suggest fractionation of
clinopyroxene. They have weak negative Eu anomalies, indicating
minor plagioclase fractionation. The geochemical characteristics
and isotopic compositions of dikes share the similar features withenclaves. Therefore, the granites formed by partial melting of ju-
venile lower crust, while the dikes and enclaves were originated
from a Neoproterozoic to early Paleozoic enrichment lithospheric
metasomatized mantle. The granites and enclaves were generated
by magma mixing between an enriched lithospheric mantle and
juvenile lower crust-derived magmas, coupled with minor crystal
fractionation.
5.4. Geodynamic evolution
The crystallization age and magma source of the Karamay
intrusions (including granites, enclaves, and dikes) are identical
to those of the late Carboniferous Baogutu adakitic diorites and
granodiorites (315e309 Ma), Miaoergou granites (w305 Ma), and
Karamay granitoids (316e305 Ma) (Chen and Jahn, 2004; Wang
et al., 2004; Han et al., 2006; Su et al., 2006; Wang and Xu,
2006; Zhang et al., 2006; Zhou et al., 2008; Geng et al., 2009;
Tang et al., 2009; Chen et al., 2010). These late Carboniferous
granitic intrusions distributed in West Junggar can be classiﬁed
typically as I- and A-type granites, and have highly-depleted
HfeNd isotopic signatures (Jahn et al., 2000, 2004; Chen and
Arakawa, 2005; Han et al., 2006; Su et al., 2006; Geng et al.,
2009; Tang et al., 2012a). They were considered as either
depleted mantle contributions in a post-collisional extensional
setting (Chen and Arakawa, 2005; Han et al., 2006; Su et al.,
2006; Chen et al., 2010) or a subduction-related source in an
Figure 12. (a) Al2O3/TiO2eCaO/Na2O and (b) Rb/SreRb/Ba diagrams of the Karamay
granites. The mixing curve between the basalt- and pelite-derived melts in the dia-
grams is from Patino-Dounce and Harris (1998) and Sylvester (1998).
Figure 13. (a) Na2O þ K2O, (b) Zr and (c) Nb versus 10,000*Ga/Al for Karamay granites
in West Junggar (Whalen et al., 1987).
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2010; Zhang et al., 2011b). The positive εNd(t)eεHf(t) values and
the identiﬁcation of A-type granites are the popular evidences
favoring the former model. However, it is common for the magma
derived from juvenile crust to have highly-depleted HfeNd iso-
topic characteristics, and such incidents have also been found in
other places (Zhao et al., 2008). In addition, although the post-
collisional tectonic setting can generate A-type granite, it
cannot be considered as an indicator of the post-collisional tec-
tonic setting, as A-type granite may also result from the fraction
of I-type granite (Bonin, 2007) and partial melting of meta-
sedimentary rocks again (Anderson and Thomas, 1985; Whalen
et al., 1987).
The low silica compositions and Na2O þ K2O contents for the
Karamay granites, indicate a calc-alkaline series trend. The granites
show low A/CNK (0.83e0.91) and Ga/Al ratios, be enriched in LILEs
(Rb, Ba, Th, and U) and depleted in HFSEs with Nb and Ta anomalies,
and show I-type granite afﬁnity (Fig. 13) (Whalen et al., 1987).
Within the trace element geotectonic discrimination diagrams, all
the samples plot in the volcanic arc granites ﬁeld in the NbeY
(Fig. 14a), Rbe(Y þ Nb) (Fig. 14b), and TaeYb diagrams (Fig. 14c). In
West Junggar, late Carboniferous charnockites were reported to
occur as enclaves in the Miaoergou A-type granite, suggesting a hot
anomaly at that time. Also, occurrences of the coeval adakite and
high-Mg diotite dikes were observed on the eastern part of the
Darbut Fault (Liu et al., 2009; Tang et al., 2009, 2010). Therefore, theKaramay I-type granite with enclaves, in combination with the
occurrences of the late Carboniferous adakite, high-Mg diotite
dikes and charnockites, support the view that these late Carbonif-
erous volcanic rocks might have formed in the subduction-related
tectonic setting (Geng et al., 2009; Liu et al., 2009; Tang et al.,
2009; Yin et al., 2010).
In addition, formation of Karamay granite and enclaves reﬂect
not only the interaction between crust and mantle, but also the
fact that they required a high temperature regime for basic and
felsic magma. The upwelling mantle is usually considered to the
trigger partial melting of the crust and mantle (Chen and Jahn,
2004). Two alternative geodynamic models can generate the
upwelling mantle: slab break-off (Whalen et al., 2004, 2006) and
D. Li et al. / Geoscience Frontiers 6 (2015) 153e173 169ridge subduction (Liu et al., 2007) models. The oceanic ridge
subduction model is the favored one, as supported by following
several lines of evidence: (1) slab break-off normally occurs in the
early stages of continental collision. However, there is no evi-
dence for collision in the Karamay area, which rules out a slab
break-off model; (2) the adakites, and I- and A-type granites
generated contemporaneously, whereas formation of the adakite
in the slab break-off model was temporally behind those in the
subduction-related environment; (3) the ridge subduction modelFigure 14. Tectonic discrimination diagrams for Karamay granites in West Junggar. (a)
NbeY diagram (Pearce et al., 1984), (b) Rbe(Y þ Nb) diagram (Pearce et al., 1984; Han
et al., 2010), and (c) TaeYb diagram (Pearce et al., 1984). Syn-COLG ¼ syn-collisional
granites, VAG ¼ volcanic arc granites, WPG ¼ within plate granites, ORG ¼ ocean ridge
granites.predicts a wide distribution of granites in West Junggar, different
from the narrow and linear distribution pattern of slab break-off
model (Davies and von Blanckenburg, 1995; Whalen et al., 2006).
This geodynamic model is consistent with the late Carboniferous
subduction-related environment reﬂected by Karamay I-type
granite.
Based on the above discussions on petrogenesis of Karamay
intrusions and taking into consideration the geodynamic model, a
simpliﬁed geodynamic evolution model can be set up for the
Karamay intrusions in West Junggar. After the normal northwest
subduction during the period of the Devonian to early Carbon-
iferous (Fig. 15a) (Geng et al., 2009, 2011; Yin et al., 2010; Tang
et al., 2009, 2010), a ridge subduction occurred in the Karamay
region, which generated a resultant slab window, as proposed by
Liu et al. (2007) and Tang et al. (2010). The reported results about
Hatu tholeiitic basalts and basaltic andesites of the West Junggar
region have provided powerful evidence for the upwelling
asthenosphere and lithosphere interaction (Tang et al., 2012b).
Therefore, we considered that the asthenospheric upwelling
through a slab window resulted in partial melting of lower crust
and lithospheric mantle metasomatized by slab-derived ﬂuid,
which generated not only large-scale I- and/or A-type granitic
magmas derived from lower crust (Chen and Jahn, 2004; Wang
et al., 2004; Han et al., 2006; Su et al., 2006; Zhou et al., 2008;
Chen et al., 2010), but also abundant maﬁc magma derived
from the lithospheric mantle. In addition, the depleted mantle
material may have been added to the continental crust by a slab
window resulting from a ridge subduction (Geng et al., 2009),
further implying coeval crustemantle interaction during this
period. Intrusion of the maﬁc magma into lower crust and sub-
sequent interaction with granitic magma gave rise to the
w300 Ma Karamay host granite and its enclaves. The unmixed
lithospheric mantle-derived dikes intruded in the granite at ca.
298 Ma (Fig. 15b). The formation of these coeval host granites,
enclaves, and dikes under subduction-related setting not only
suggests that ridge subduction plays an important role in the
crustal growth of West Junggar, but also restrict the closure of
Junggar Ocean after the late Carboniferous (Xiao et al., 2008,
2009).
6. Conclusions
On the basis of our ﬁeldworks, geochronological, geochemical,
and HfeNd isotopic studies of the Karamay intrusions, we can draw
the following conclusions:
(1) Zircon UePb dating of the Karamay intrusions yield an age of
300.7  2.3 Ma for enclaves and 300.0  2.6 Ma for the host
granite, and theywere intruded by dikes with an age of 298Ma.
(2) The host granites have geochemical characteristics similar to
metaluminous calc-alkaline compositions and show I-type
granite afﬁnity. The dikes were formed by partial melting of a
metasomatized lithospheric mantle.
(3) Geochemical, geochronological, and HfeNd isotopic data sug-
gest that the Karamay granites and enclaves are of mixed origin
and would most likely have formed by the interaction between
the lower crust-derived and enriched lithospheric mantle-
derived magmas in the late Carboniferous subduction-related
tectonic setting.
(4) The parental magma for enclaves was derived by partial
melting of an enriched lithospheric mantle that may be
modiﬁed by subducted slab ﬂuids. The mantle upwelling
resulting from ridge subduction may be the triggered partial
melting of the lithospheric mantle and subsequent interaction
with the granitic magma.
Figure 15. Schematic diagrams for the Carboniferous geodynamic evolution of West Junggar. (a) Normal subduction stage. Junggar Ocean lithosphere subducted beneath the
Karamay during Devonian to early Carboniferous (Chen and Arakawa, 2005; Geng et al., 2009; Chen et al., 2010; Tang et al., 2012a; Yang et al., 2012b); (b) with the subduction of
Junggar Ocean, a slab window formed during ridge subduction provide a channel for upwelling mantle (Liu et al., 2007; Zhang et al., 2011a; Ma et al., 2012; Tang et al., 2012a), which
caused partial melting of the lower crust and lithospheric mantle and formation of magma mixing in West Junggar.
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